Abstract In order to examine the pH dependency of Cd effects on cardiac muscle, the electrical and mechanical activities in the bullfrog heart were investigated in relation to various external pHs and concentrations of Cd. The amplitude and duration of the action potential or the spontaneously beating frequency in the atrium were not significantly affected during the 3-min administration of various concentrations of Cd in a range from pH 6 to 10, but the isotonic contraction at the end of the same period was greatly altered: the lower the external pH the more Cd decreased the contractility of the atrium. This pH dependency of Cd effects was also observed in SO4-Ringer's solution whose anions, SO4, were more impermeable than Cl. Decrease in contractility in CdRinger's solution was counteracted by excess Ca. The lower the pH of the Cd-Ringer's solution, the more Ca was necessary to counteract an equal amount of Cd. The amount of Cd-uptake into the atrium was analyzed after soaking the atrium in various concentrations of Cd-Ringer's solution. The higher the concentration of external Cd, the larger the Cd-uptake into the atrium. No pH dependency, however, was observed in this relationship. This suggests that probably only a small fraction of total Cd-uptake interacts with Ca-binding sites which is specific to contraction, and causes the Cd-induced decrease in contractility. This process is considered to be pH-dependent. However, most Cd-uptake into cardiac muscle is pH-independent and may be nonspecific to contraction.
that, when the pH of the medium was changed, the amount of bound Ca in isolated sarcolemma or sarcoplasmic reticulum, which is closely related to contraction, was changed (NAKAMARU and SCHWARTZ, 1970; WILLIAMSON et al., 1975) . Based on these facts, it was postulated that Cd which counteracted Ca might also exert pH dependency; i.e., the lower the external pH of the Ringer's solution, the more enhanced the Cd effects. The everted sinus-atrium preparation of a bullfrog was used to test this assumption. Recording of intracellular potential of the excised atrium was made to confirm the results obtained from the sinusatrium preparation.
Finally, the relation between the amount of Cd-uptake and the contractility was discussed in relation to the external pH.
A preliminary account of this work has been published elsewhere (HORIUCHI and HAYASHI, 1978 
RESULTS

Effects of various pHs and Cd concentrations on contraction
In the previous experiment on a bullfrog sinus-atrium preparation, it was shown that Cd of 13 ,um in normal Ringer's solution (pH 7.2) decreased the contractility of the cardiac muscle to almost half without an appreciable change in its membrane potential (HAYASHI and HORIUCHI, 1971a) . In the present experiment it was found that if the pH of the Ringer's solution was raised, this Cd effect was reduced. A typical example is shown in Fig. 2 Ringer's solution. Let Cd-uptake into heart and Cd concentration in Ringer's solution be y and x, respectively. Figure 9 shows that the higher "y" is, the higher "x" will be. The parameters of the experimental equation (y=a• xb) are as follows: "a" and "b" are 7.34 and 0.75 in pH 6.5 solution, and 13.1 and 0.63 in pH 9.0 solution, respectively. The null hypothesis that these two experimental curves are equal cannot be discarded by a statistical method, because the slope of two linear regression lines in Fig. 9 are almost equal, and the vertical distance between these lines at the mean value of log x is almost zero. This signifies that no pH dependency was observed in the relationship between Cd-uptake in the heart and the external Cd concentration in Ringer's solution, even though contractility in low pH solution was markedly decreased by external Cd (cf., Fig. 3 ). Cd in external Ringer's solution invades not only the interstitial fluid but also the cardiac tissue, because the concentration of Cd taken up into the heart is higher than that in the external solution (see DISCUSSION).
DISCUSSION
In this paper, we have reported for the first time that the negative inotropic effect of Cd on cardiac muscle in pH 7.2 Ringer's solution was dramatically enhanced in acid Ringer's solution without appreciable change in action potential. A few investigators (KLEINFELD et al., 1955; TAKAHASHI et al., 1956; KLEINFELD and STEIN, 1968; HAYASHI and HORIUCHI, 1971 a; TODA, 1973) have hitherto described the effects of Cd on the cardiac muscle, but none has tried to study the Cd effect in relation to pH.
The negative inotropic effect on cardiac muscle in acid Ringer's solution per se has been studied by many investigators since GASKELL (1880) noticed this phenomenon. There are at least two possible mechanisms underlying the effect of acidosis: (1) acid Ringer causes a change in the action potential which might be due to a decrease in Ca influx, and (2) hydronium ion acts on sarcolemmal or intracellular Ca binding sites, thus decreasing the concentration of free Ca around the myofilaments upon contraction. Acid Ringer's solution caused the following change in the action potential: decrease in rate of rise of the action potential, decrease in slow Na and Ca current, and a variable change in the action potential duration (HECHT and HUTTER, 1965; LORKOVIC, 1966; VAUGHAN WILLIAMS and WHYTE, 1967; VAN BOGAERT and CARMELIET, 1972; WADA and GOTO, 1975; POOLE-WILSON and LANGER, 1975; CHESNAIS et al., 1975) , and an increase in heart rate due to change in iK2 in alkaline solution ( VAN BOGAERT et al., 1978) . The reason that we did not observe the appreciable change in action potential with a change in the external pH is this: (1) We changed the pH of the external solution by Tris/HCl buffer which caused a minor change in internal pH, and the change in external pH alone was considered to be less effective on cardiac muscle (LORKOVI, 1966; CINGOLANI et al., 1970 Ringer's solution. This may be ascribed to the difference in Ca binding to the superficial membrane corresponding to the different anions (NAYLER, 1975) . The effect of Cd on the contractility of cardiac muscle was antagonized by excess Ca. When Ca completely counteracted the Cd effect, the ratio of amount of Ca to that of Cd was 50-100 in normal pH (KLEINFELD and STEIN, 1968 ; HAYASHI and HORIUCHI, 1971a ; TODA, 1973) . This Ca/Cd ratio seemed to be different for various preparations. Cd-induced suppression of acetylcholinerelease from the vagal nerve terminal was also counteracted by excess Ca, but the ratio was extremely high (1,000-2,000) (HAYASHI and TAKAYAMA, 1978) . The lower the pH, the higher the amount of Ca required to counteract Cd in cardiac muscle : the Ca/Cd ratio was about 200 in pH 6.5 solution, but the ratio was only about 50 in pH 9.0 solution (cf., Fig. 8 ). The difference in the Ca/Cd ratio may be ascribed to the difference in affinity of Cd to the Ca binding sites, but we could not identify the Ca binding site even though the ultrastructure of the frog heart was described in detail (STALEY and BENSON, 1968) . REUBEN et al. (1971) observed that MgATP solution in the absence of Ca could elicit contraction of crayfish skinned muscle fiber. HAYASHI et al. (1972) found the non-competitive counteraction of ATP with Cd in cardiac muscle. This phenomenon should be investigated in more detail in relation to pH.
The amount of Cd which was really taken up by the cardiac tissue was calculated from the data of Fig. 9 . Assuming the intercellular space was 30 % of the frog atrium (cf., HAJDU, 1953; GLITSCH, 1969) and that the concentration of Cd in the space was equal to that in the extracellular fluid, the real amount of Cd in the cardiac tissue was 4 times as much as that in the extracellular Ringer's solution (in the case of 30 jam Cd-containing Ringer). This implied that the cardiac tissue actually took up the Cd by some mechanism not immediately obvious. The amount of Mn-uptake to the frog heart seemed to be smaller than that of Cd-uptake; Mn content in the heart was 1/20 times as much as that in the extracellular Ringer's solution (CHAPMAN and ELLIS, 1977) . The higher the concentration of Cd in Ringer's solution, the more the amount of Cd taken up into the cardiac tissue. Though a marked pH dependency was observed in Cd-induced decrease in the contractility (cf., Fig. 6 ), there was no difference in the amount of Cd-uptake whether the solution was acid or alkaline. This suggests that most of the amount of Cd-uptake is non-specific to the heart, and only a small fraction is essentially related to the Ca binding sites which are concerned with contraction. It remains to be determined what fraction or component of cardiac tissue combines most of the non-specific Cd or Cd specific to contraction.
The nature of the Ca-Cd interaction at the Ca binding sites may be inferred by the analogy of a chelating agent. The higher the stability constant of a chelating agent, the more acid the solution in which the formation of a metal chelating complex will occur. For example, the stability constant of EDTA for Cd and Ca are 16.5 and 10.6, respectively (SAKAGUCHI and UENO, 1966) ; therefore, the amount of Cd-chelate complex is much larger than that of Cachelate complex in acid solution, which in turn may reveal the difference of divalent ion effects.
